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ABSTRACT
THE INFLUENCE OF CHLORIDE ON INTERFACE KINETICS AND 




University of New Hampshire, December, 1998
The influence of chloride on the kinetics and morphology of copper 
electrodeposition on copper single crystal in acidified copper sulfate solution was 
studied by atomic force microscopy (AFM) and by electro-analytical methods. AFM 
was employed to image deposits on low-index single crystal copper surface formed 
under potential control in a fluid electrolyte. The kinetic parameters for cathodic 
deposition of copper on the same surface from acid sulfate and chloride solution were 
measured by galvanostatic polarization.
Chloride has a great influence on the morphology of copper deposits Isotropic 
structures were obtained only in high purity sulfate solution, whereas anisotropic 
structures emerged when even trace amounts of chloride were present. Chloride ion 
stabilizes terraces oriented along preferred directions on single crystal surfaces. While 
deposition in pure sulfate solution is uniform and isotropic, in chloride solution it is 
source (or nucleation) limited. As a result, step propagation is an important mechanism 
of growth in chloride solution. Spiral growth in particular was observed only in 
chloride solution.
xii
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Chloride changes the reaction mechanism of copper deposition as well. When 
chloride is present, the reduction of the intermediate Cu* to Cu becomes rate limiting. 
Additional effects of chloride include adsorption, desorption, and CuCl precipitation on 
the substrate. Three regions in the polarization curve were observed. The appearance of 
a limiting current in the second region is due to precipitation of a film of CuCl, which 
blocks deposition. Charge transfer was not the rate-controlling step in this region. At 
higher current densities, in the third region, the dissolution of the CuCl film follows the 
Tafel form in dilute chloride solution. The Tafel slopes are 40 to 120 mV/decade in the 
Tafel region depending on chloride and cupric ion concentration.
Chloride and oxygen are competitors in the copper cathodic reduction process. 
Chloride ions stabilize the cuprous ion while oxygen oxidizes the cuprous ions to 
cupric ion.
Chloride ion greatly influences the degree of kinetic anisotropy. This study supports 
the conjecture that anisotropy in the interfacial kinetics stabilize dendrite growth, while 
absence of anisotropy results in tip-splitting.
xiii




These experimental studies were performed to investigate the influence of chloride on 
the kinetics of copper electrodeposition on copper single crystal substrates, and on the 
surface morphology produced by deposition on initially smooth single-crystal surfaces. 
Acid copper sulfate baths are major industrial baths, which are used to manufacture 
printed circuits, rotogravure, electroforms, decorative coatings, and functional coatings. 
Copper sulfate is the source of copper ions in solution and sulfuric acid increases the 
conductivity and lowers the pH of the solution. In commercial plating baths, chloride is 
commonly used as an additive to reduce anode polarization, to act as a complexing agent 
along with other additives, and to depolarize the cathode. However, the mechanism of 
chloride’s influence on the interfacial kinetics and morphology remains unclear.
It is believed that dislocations play a role in copper electrocrystallization from acid 
sulfate solution at low current density up to the point where two-dimensional nucleation 
occurs. However, the questions of when dislocations exist during electrodeposition and 
their effects on crystal growth has not been resolved. The advent o f atomic force 
microscopy (AFM) has provided in-situ observation of the metal surface under solutions 
with atomic resolution. Therefore, it seemed appropriate to further the observation of 
electrodeposition by AFM on single crystal copper and attempt to correlate the observed
l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2patterns of growth with dislocation patterns and electrocrystallization kinetics. 
Explanations of the observed patterns based on a combination of dislocation theory and 
kinetic measurement appear promising.
1.2 Electrodeposition
Electrodeposition is direct formation of new phase on a conducting surface immersed 
in solution or molten salts. The process of metal electrodeposition may be considered to 
follow a series of consecutive stages, as shown in figure 1.1 ( F. Walsh, 1991).










Figure 1.1 Steps involved in the process of electrodeposition.
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31) Transport of reactants from the bulk solution to the electrode surface via diffusion and 
convection.
2) Surface adsorption of reactants and transfer of electrons from the cathode to the 
reactants.
3) Surface diffusion of adatoms, nucleation, and growth.
Step (I) is very sensitive to hydrodynamic conditions, and is governed by the transport 
law.
Ni is the molar flux of species i. The first term on the right hand side of Eq(l.l) 
represents the flux due to migration in the electric field V<j>. Zi is the charge number of the 
ion, Pi the mobility, and F is Faraday’s constant. The second term represents the diffusion 
flux due to a concentration gradient VQ and the third term represents the convection 
flux due to motion of the solution with bulk velocity Vr ( Newman, 1991).
Electrode kinetics concerns the non-equilibrium driving force, or surface overpotential, 
r|s » necessary to make the electrode reactions proceed at an appreciable rate. The 
overpotential is provided by the deviation of the electrode potential from its equilibrium 
value, Ve, which describes the equilibrium between the electrode and the solution in 
contact with it.
The current density depends on the driving force and thus is related to the surface
Nj=-ZjPi FCiV<|> + DjVCj + Q V r ( 1.1)
Tls= V - Ve ( 1.2)
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4overpotential and the composition of the solution at the interface, as well as the 
temperature. Under many circumstances, it is given by the Butler-Volmer equation:
i0 is termed the exchange current density and depends on the composition of solution 
adjacent to the electrode as well as the temperature and the nature of the electrode 
surface, eta and etc are transfer coefficients that usually have values between 0.2  and 2 . 
The first exponential term can be regarded as representing the rate of the anodic process, 
and the second term, that of the cathodic process.
For sufficiently small surface overpotential, equation (1.3) can be linearized to
At high surface positive or negative overpotential, one of the terms in equation (1.3) 
becomes negligible and a straight line is obtained on a semi-logarithmic (Tafel) plot. 
Thus,
for (XaFrjs»  RT (dissolution), and
for etc Fqs «  -RT (deposition).
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5As the overpotential becomes more negative, the overall reaction rate becomes 
increasingly dominated by the rate at which metal ions reach the cathode. Eventually this 
mass transfer control becomes complete and the reaction rate reaches a constant 
maximum value known as the limiting current density ii
ii=k,nFCb (1.7)
where k|, the mass transfer coefficient, depends on electrode geometry and flow condition 
and Q, is the bulk concentration of metal ions.




where 0  is the growth velocity, V is the molar volume of metal, and n is the number of 
electrons transferred in discharging the ion to the metal state.
1.3 Electrocrystallization
Electrocrystallization has been reviewed by Winand (1997), Bockris et al (1966), and 
Budevski et al (1996). There are two widely accepted theoretical models of the 
electrocrystallization mechanism on atomically smooth surfaces. These are nucleation of 
successive monolayers and advance of terraces originating at screw dislocations.
Figure 1.2 shows the general path followed by an ion or an atom to a kink site during 
electrocrystallization (Budevski, 1996). If the initial crystal substrate is perfect, no deposit 
can be formed unless a critical overpotential is exceeded which is necessary for 
nucleation (generation of a new plane at the crystal surface). The nuclei can be one of two 
types: 2-D nuclei, and 3-D nuclei. Crystal growth occurs by repeated completion of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6monatomic layers after two-dimensional nucleation. Atomically rough surfaces may grow 
by uniform incorporation of atoms without nucleation. However, electrodeposits are 
formed below the thermodynamic roughening temperature.
Figure 1.2 The structure of a singular face o f a crystal with a simple cubic lattice 
(Budevski, 1996).
If the initial crystal is not perfect but contains screw dislocations, the crystal may grow 
at an overpotential lower than the value necessary for two-dimensional nucleation, as 
shown in Figure 1.3 (R. Winand, 1997). The screw dislocation, by providing a step, 
greatly increases the rate of crystal growth. An imperfect crystal that contains screw 
dislocations can grow continuously without having to create new nuclei. The growth 
process therefore favors growth of imperfect crystals containing dislocations over perfect 
crystals.
Visible growth spirals are a rare occurrence in electrodeposition under normal 
conditions. Steinbery (1952) found spirals on titanium crystals deposited from fused salt
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7electrolysis. Pick (1955) and Seiter (1958) found that by employing extremely pure 
solutions and low pulsed direct current densities, spiral growth of copper could be 
obtained from acid sulfate solution in a reproducible way. Winand (1997) concluded that 
only in very pure solution and at rather low cathodic overpotential, can spiral growth play 








Figure 13 Schematic drawing of successive positions of an ion or atom undergoing, from 
(a) to (b), charge transfer, from (b) to (c), surface diffusion to a step; from (c) to (d), 
diffusion along a step to a kink site (R. Winand, 1997).
1.4 Pattern formation
Electrochemical deposition patterns can be compared with that grown by solidification 
from the melt or by precipitation from supersaturated solution. These systems apparently 
obey common laws of pattern growth. When the interfacial dynamics are diffusion 
controlled, the most common morphologies are dendrites and tip-splitting branches. A
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8dendrite is a branch with a central trunk decorated with side branches (see Figure 1.4a). 
Dendrites are stable, shape-preserving forms that grow at constant velocity. Tip-splitting 
growth occurs by the repeat splitting of the tip of a branch (see Figure 1.4b). there is no 
predominate "trunk" growing in tip-splitting pattern (Barkey, 1992).
M  0>)
Figure 1.4 (a) Dendrite composed of needle crystal and side branches, (b) Tip-splitting 
finger. (Barkey, 1992).
A number of theoretical and experimental works have been performed to contribute to 
a general understanding of the principles that govern pattern formation. A local boundary 
layer model developed by Ben-Jacob (1983) demonstrated that anisotropy in either the 
surface tension or the interfacial kinetics stabilize dendrite growth, while absence of 
anisotropy results in tip-splitting. Barkey et al (1995) provided experimental evidence that 
interfacial anisotropy stabilizes dendritic growth in electrodeposition. One objective of 
this study is to develop an understanding of anisotropy at the microscopic level. Such an 
understanding will contribute to the control of macroscopic morphology and texture in 
plating applications.
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Chapter 2
LITERATURE REVIEW
2.1 Kinetics of Copper Electrodeposition
The kinetics, or the relation between surface overpotential r\s and current density i, of 
copper electrodeposition in acid sulfate solution have been studied by many investigators. 
The rate of the electrode reaction, as measured by the current density, depends on the 
nature and previous treatment of the electrode surface and the composition of the 
electrolytic solution adjacent to the electrode as well as the overpotential.
2.1.1 The Mechanism o f Copper Electrodeposition
The cathodic reaction:
Cu2+ + 2e ------» Cu (2.1)
is composed of two elementary steps:
Cu2+ + e  > Cu+ (2.2)
Cu+ +e  > Cu (2.3)
In pure acid-sulfate solution, the first reduction step is much slower than the second.
The assumptions that reaction (2.3) is sufficiently fast to remain at equilibrium and that 
all of the Cu+ produced by reaction (2.2) is consumed in reaction (2.3) yield a two- 
electron Butler-Volmer equation (2.4) (Newman, 1991), between the total current density 
and the overpotential.
9
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i=io[exp(— n .) - e x p ( q , )] (2.4)
RT RT
The theoretical valves of transfer coefficient eta and etc are 1.5 and 0.5, respectively.
Mattsson and Bockris (1959) studied copper deposition and dissolution in sulfate 
solution by means of galvanostatic or current controlled measurements. At high current 
densities, it was found that the reaction obeys the Butler-Volmer equation (2.4) and the 
transfer coefficients ota and etc were found to be close to 1.5 and 0.5, respectively. They 
concluded that the first step (2.2) is much slower than the second step (2.3), and thus is 
rate controlling, while Cu+ exists in reversible equilibrium with Cu at the electrode 
surface. These conclusions were later verified by many researchers (Bockris, 1962; 
Brown, 1965; Lorenz, 1974; Stankovic,1983; etal) using different methods. The exchange 
current density of Cu+/Cu was found to be three orders of magnitude larger than that of 
Cu2+ /Cu+ (Albaya etal, 1972; Bockris etal, 1962; Brown etal, 1965).
At low current density, the overpotential is higher than predicted by the Butler-Volmer 
equation (2.4). This deviation from equation (2.4) was explained by Mattsson and 
Bockris (1959) in terms of a rate-controlling surface diffusion of adions. However, 
subsequent AC impedance work revealed that this deviation could also be explained by 
diffusion of cuprous ions from the electrode (Glarum and Marshall, 1981). Rotating ring- 
disk electrode studies have shown that there is a maximum flux of cuprous ion away from 
the disk at low overpotential (Yoon, 1994). These results provide evidence to support the 
conclusion that diffusion of cuprous ion from the electrode causes the deviation from 
equation (2.4).
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2.1.2 Kinetic Parameters
The exchange current density, analogous to a pre-exponential rate factor, is a measure 
of the reversibility of a reaction. The cathodic transfer coefficient, etc. is the fraction of the 
applied potential, which drives the cathodic reaction. These are the primary kinetic 
parameters for copper electrodeposition. The cathode exchange current density and 
transfer coefficient for acid sulfate solution have been studied by many investigators. 
Wide ranges of values for the cathodic transfer coefficient (0.2 - 0.59) and exchange 
current density (0.2-85 mA/cm2) have been reported. The variation of exchange current 
density and transfer coefficient is due to variation in composition and purity of solutions 
and variations in substrate (Mattsson and Bockris, 1959). Table 2.1 summarizes these 
results.
Results of Bockris and K ita's studies (1962) further support the effect of electrode 
surface preparation on the exchange current density. Karasyk (1963) suggested that trace 
contaminants on the electrode surface could cause the mechanism of copper 
electrodeposition to be limited by surface diffusion of adatoms and a cathodic transfer 
coefficient less that 0.5 may suggest the presence of electrode surface impurities.
Newman (1991) expresses the theoretical dependence of the exchange-current density 
on concentration in the form,
io=io(C“ 2. ) ( ^ i ^ ) T (2.5)
Cu:*
2 —awhere y = — =0.75.  io(C“u; . ) denotes the exchange current density at a known 
interfacial concentration and reference state. The exponent yean be expressed as
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Values of y (see table 2.1) obtained by many investigators vary from 0.3 to 0.75. The 
reason that y is smaller than expected theoretically (0.75) can be considered in terms of 
the different dependence on concentration of reactions (2.2) and (2.3) (Bockris and Enyo, 
1959). Reaction (2.3) becomes important at higher concentration of Cu2+. At low 
concentration, the process is almost completely controlled by reaction (2 .2 ).
Table 2.1 Literature values of kinetic parameters for Cu in CUSO4-H2SO4 solutions
obtained by various methods.
[CuSOd [H2SO4 ] Electrode Temp i-o ac r Cde Method** Reference
mol/L mol/L * "C mA/cm2 pF/cm2
0.46 0.5 E-Cu 30 3.7 0.47 0.5 51 GP Bockris. 1962
0.1 2.0 Pt+Cu 21 4.67 0.39 0.67 RDE/PS Caban. 1977
0.5 0.5 E-Cu 30 3.7 0.49 0.6 78 GP Mattsson. 1959
0.05 1.0 E-Cu 30 4.6 0.51 50 GP Bokris.1962
0.3 0.47 Pt+E-Cu 25 5.4 0.43 0.4 RDE/PS Brown. 1965
0.1 1.0 Pt+E-Cu 25 1.09 0.35 RDE/LSV Milora.1964
1.5 0.45 Cu 25 11.4 0.57 50 GDP Karasyk.1963
0.7 1.0 Pt+E-Cu 30 8.26 058 0.67 GP Stankovic. 1983
0.51 0.5 Cu 25 2.89 0.57 0.69 46 GDP Albaya. 1972
0.5 0.5 Cu 25 6.67 0.46 0.4 92 GDP Slaiman. 1974
0.056 1.0 Cu 25 10.6 0.2 0.6 30 AC Pearson. 1968
1.0 1.0 Cu 25 3.0 0.59 LSV/Tafel Turner. 1968
0.00789 0.51 Pt+E-Cu 25 0.46 0.43 LSV Hinatsu.1991
0.24 1.8 25 0.88 0.52 AC Reid. 1987
1.0 0.5 Pt+E-Cu 25 457 0.49 150 RDE/GP Kume, 1976
0.5 1.0 Cu 22 1.0 1.0 0.73 GP Hurlen. 1961
0.5 1.0 Pt+E-Cu 25 37.2 0.45 055 GP Radovigi. 1967
* Cu - Polycrystalline copper.
E-Cu - Eiectrodeposited copper.
Pt + E-Cu - Eiectrodeposited copper on platinum
* *  AC - AC impedance.
GDP- Galvanostatic double pulse.
GP - galvanostatic pulse.
LSV - linear sweep voltammetry.
PC - programmed chronopotentiometry.
PS - potentiostatic.
RDE - rotating disk electrode.
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2 .13  Effects of Crystal Orientation o f the Substrate
The nature of the surface has a strong effect on kinetic parameters. The surface of 
polycrystalline copper is an irregular ensemble of randomly oriented crystal planes. For 
this reason, it is desirable to use a single crystal plane, which possesses a well-defined 
crystal orientation, to study the electrochemical behavior of copper electrodeposition. In 
spite of its importance for understanding copper electrodeposition processes, few 
electrochemical investigations have been carried out on single crystal copper. Table 2.2 
shows measured kinetic parameters of single crystal copper in cupric solution
Table 23  Kinetic parameters of single crystal copper in acidified cupric sulfate solution
[CuS04] [H2S 0 4] Cu(100) Cu(110) Cu(l 11) Reference
mol mol ic mA/cm2 OCc io mA/cm2 GCc io mA/cm2 OCc
0.25 0.1 I 0.49 2 0.52 0.4-0.6 0.47 Damjannovic, 1966
0.5 0.25 6.4 0.47 9.5 0.49 3.2 0.47 Hayashi, 1969
0.5 1.0 2.5 0.51 6.0 0.51 3.6 0.50 Hayashi, 1969
1.0 0.5 1.61 2.74 1.14 PostI, 1972
0.5 0.5 6.1 0.5 10 0.5 2.4 0.5 Barkey, 1998
The values of exchange current density are in the order iQ(l 10)>io(100) > iQ(l 11) when 
the concentration of sulfuric acid is low (Damjanovic etal, 1966), but in high 
concentration of sulfuric acid (1M), io( 110)>io( 111 )>i0( 100) (Hayashi, 1969). Bockris 
proposed that the observed difference in exchange current densities of different crystal 
plane reflects a double layer effect, such as specific adsorption of SO l~.
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The kinetics of the charge-transfer reaction might be expected to vary with crystal 
orientation because of changes in the interaction between electrode and solution. 
However, it has been demonstrated theoretically (Bockris and Razumney, 1973) and 
experimentally (Jenkins and Bertocci, 1965) that the equilibrium potential of planar 
Cu/Cu2+ electrodes is independent of crystal orientation.
2.1.4 Effects of Chloride
In the presence of chloride ion, Cu+ forms the complexes CuCl, CuCl ; ,  and CuCl2" . 
For chloride concentrations lower than 2 mol/1, the predominant complex is CuCl;, 
whereas CuCl2- complex formation is negligible (Braun and Nobe, 1979). The relative 
stability of the various Cu+ and Cu2+ species in the Cu-Cl-HiO system is described in 
figure 2.1 (Moreau, 1982).
Deposition from chloride solution probably follows the sequence
Cu2+ +2C1' + e  > CuCl" (2.7)
C u C i ; + e  ------» Cu + 2C1 (2.8)
where the rate-limiting step is equation (2.8) with a theoretical Tafel slope of 
40 mV/decade (Hibbert, 1978).
Depending on Cl' concentration, the following reactions also take place during 
cathodic polarization of copper in acid sulfate solution
Cu+ + Cl' ------» CuCl (2.9)
CuCl + C l ' > CuCl" (2.10)
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Because CuCl is sparingly soluble, there is a "critical Cl' concentration" for formation of 
a CuCl surface film in acid sulfate solution, calculated to be about 40mg/L and measured 
to be 30 mg/L (Yoon, 1994). Above the "critical Cl' concentration", CuCl is precipitated 
by reaction (2.9) and dissolved to CuCl j by reaction (2.10).
Two potential regions occur for the cathodic reduction of cupric ion to copper in 
chloride solution (Isaev, 1978). In the first region (Tafel) the usual rise in the reaction rate 
with increasing polarization is observed. In the second potential region, the current is 
practically independent of polarization. Many authors agree that the cathodic limiting 
current increases with the square root of the rotation rate for a disk electrode according to 
the Levich equation (Moreau, 1981; Isaev, 1978; Rizenkampf, 1975). According to 
Moreau (1981) and Hibbert (1978), reduction is mainly controlled by diffusion of CuCl j 
in solution. However, Isaev (1978) identified the limiting ionic species to be the cuprous 
chloride ion. The slow removal of the CuCl ion from the electrode surface to the bulk of 
the solution gives rise to precipitation of a film of CuCl on the electrode surface. The 
results of this study support Isaev’s conclusion.
Because of the precipitation of CuCl on the electrode surface, which changes the slope 
of the polarization curve, the exchange current density and Tafel slope can be obtained 
only under certain circumstances. The exchange current density for reaction (2.9) is 
reported to be 240 mA/cm2 in 0.5M CuCl/0.5M HC1/4M NaCl solution ( Albert, 1982). 
The value is ten times higher than that of sulfate solution. Harrison (1977) used AC 
impedance spectroscopy to measure the exchange current density in cupric chloride 
solution and found a value 100 times larger than in SO2-.




Figure 2.1 Equilibrium diagram of Cu* and Cu2* species in chloride solution (pH<l) 
(Moreau, 1981).
The results of Tafel slope measurements are controversial. The cathodic Tafel slope is 
RT . In sulfate solution, etc is 0.5 and the slope is 120 mV/decade. Bockris and Enyo
<XcnF
(1962, [C1']=0.1M/L), Chassaing and Wiart (1984, [Cl‘]=2xl0 '4 M), and Nageswar and
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Setty (1967, [Cl']=IxlO '3 M) found that Cl' does not change the Tafel slope. However, 
the Tafel slope measured by Hibbert for [C1']=0.25-0.5M is close to 40 mV/decade.
Systematic studies of the effect of chloride concentration on the Tafel slope have not 
been carried out. The only report available for kinetic behavior of single crystal copper in 
chloride solution is Bertocci’s (1962) investigation, which was carried out in the first 
cathodic polarization region.
2.2 Electrocrystallization and Morphology of Copper Deposits
Kinetics describe the dependence of current density on applied overpotential, while 
observation of the morphology gives the local growth forms. Thus, analysis of the 
potential dependence of the growth forms, as well as the kinetic parameters and activity 
of different crystal faces, can throw light on the mechanism of electrodeposition.
2.2.1 Surface Processes
For layer by layer growth of single crystals, there are two mechanisms that are largely 
accepted. Crystal growth may occur in repeated monatomic layers after two-dimensional 
nucleation or by means of the rotational movement of a spiral terrace originating at a 
screw dislocation. It has been shown that an overpotential of 6 mV on the (110), 8mV on 
the ( 100) and 12mV on the (111) plane is sufficient to generate two-dimensional nuclei 
(Postl and co-workers, 1972). At higher overpotentials, the density of dislocations in the 
deposit increases, but the dislocations seem not to be active because the step sites are 
blocked by specifically adsorbed sulfate ions ( Dietterle and Kolb, 1995). The 
morphology of the deposit is much more dependent on the impurities in solution than on
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the dislocation density (Bertocci, 1972). Two-dimensional nucleation hence plays the 
major role in crystal growth at moderate and high overpotentials.
It is believed that spiral growth plays an important role on the crystal growth at low 
cathodic overpotential. However, because of the limits of electron microscopy (ex-situ) 
and optical microscopy (low resolution), spiral growth attributed to the emergence of a 
screw dislocation was only occasionally observed in copper electrodeposition (Pick, 
1955; Seiter, 1958; and Gorbunova, 1971).
It has been demonstrated that step motion is the way metallic copper crystals dissolve 
(Hulett and co-worker, 1966) electrolytically. Dislocations play a role in initiating steps 
and therefore in determining the morphology together with the symmetry properties of the 
surface. Adsorption of ions slows down step motion (Schaarwachter, 1965). The motion 
of steps leads in many cases to bunching which in turn is very likely the cause of 
macrosteps or facet formation. Bunching has been linked to adsorption of impurities 
(Pick, 1960). The features of progressively increasing size which develop during 
bunching have the same symmetry as original surface.
In the process of metal deposition, two pathways for incorporation into the crystal 
lattice can be considered:
1) Ions are discharged at any site of the crystal surface and are transported afterwards by 
surface diffusion to the sites of growth where they are incorporated.
2) Ions are directly discharged on a growth site with simultaneous incorporation; this is 
called as the direct transfer mechanism.
Lorenz (1959) studied the electrodeposition of Cu by AC impedance. He found that only 
one tenth or less of the surface area participated in the crystallization process, and surface
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diffusion was highly hindered. He concluded that direct charge transfer and attachment 
play a predominant role in copper deposition. However, Schmidt and co-workers (1996) 
analyzing AFM images of electrodeposition copper in acid sulfate solution by means of 
spectral analysis, attributed surface texture to surface diffusion.
2.2.2 Morphology Aspects
Various forms of copper deposits have been observed. Most of them can be classified 
by one of following basic structures (see figure 2 .2 ):
1) Pyramids, growth with well developed faces.
2) Layers, growth in one direction with side faces or macro-steps.
3) Ridges, as a special kind of layer growth.
4) Spirals.
Many other forms can be related these structures. Blocks can be considered as 
truncated pyramids, and cubic layers as an intermediate structure between blocks and 
layers.
The types of morphology exhibited by electrodeposits generally depend on the current 
density or overpotential, the distribution of current density, adsorption of species on the 
electrode such as impurities, anions, and cations in solution, and substrate orientation. In 
addition, solution concentration, temperature, current waveforms, and convection also 
influence the morphology of deposits.
The overpotential rather than the current density usually is considered the primary 
controlling variable, if a relation is to be found between crystal growth and 
electrochemical parameters, although both are interrelated. The following factors give the 
potential its significance to a theoretical interpretation of electrolytic crystal growth:
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Figure 22 Commonly observed growth forms (a) pyramidal growth; (b) Layer growth; (c) 
ridges; (d) spiral growth.
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1) The adion concentration and local curent density distribution are characteristic 
functions of overpotential (Newman, 1991).
2) The parameters of critical nucleus formation are functions o f overpotential.
3) Because the strong potential dependence of the surface concentration of the different 
species is important in determining the growth form at a given potential, the potential 
dependence of adsorption and desorption processes must be taken into account.
Table 2.3 summarizes the morphology features and overpotential values at different
current densities reported by Sarma (1990).
Table 23 Morphological features and overpotential (0.25M C uSO / 0.1M H2SO4) (Sarma,
1990)
Current Cu(100) Cu(llO) C u( l l l )
Morphology Overpotential Morphology Overpotential Morphology overpotential
mA/cm2 mV mV mV
2-5 Layers 30-40 Ridges 20-40 Triangular 60-110
(100) pyramids
10 Pyramids and 85-95 Big ridges 95-100 Truncated 130-150
layers (110) pyramids
15 Truncated 110-120 Big flat 100-110 Truncated 150-170
pyramids ridges (110) pyramids
Deposits on the (100) face have isolated growth features with edges parallel to the 
(100) direction. Occasionally some features are parallel to the (110) direction, depending 
on the overpotential. (Isaac and Ogbum, 1961). Deposits on the (110) surface are made 
up of ridges elongated in (110) direction and bounded by (111) planes. The (100) ridges 
form across the flat tops of (110) ridges ( Pick, 1960). Furthermore, it has been observed 
that the ridges align in the (100) direction below lOOmV overpotential and in the (110) 
direction above lOOmV (Negaeswar, 1970). Deposits on the (111) orientation reported 
by Economou and Trivich (1961) were continuous and irregular, although there was some
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elongation in (110) direction. There was a structure of triangular pyramids around the 
( 111) pole.
The predominant orientation of polycrystalline copper deposits from pure acid sulfate 
solution (Winand, 1997), is (110) (Rashkov and co-worker, 1972) (F. Ogbum and 
Newton, 1963) and more rarely (111) (Damjanovic and co-worker, 1966).
It is generally believed that slight amounts of impurities modify both the morphology 
and kinetics of electrolytic crystal growth. For example, it was demonstrated that crystal 
growth with trace amounts of n-decylamine in CUSO4-H2SO4 solution, was entirely 
different from that observed in purified solution (Damjanovic, 1966&1965). It is 
necessary to point out that these earlier results of morphology data were not carried out in 
high purity sulfate solution due to technological limitations.
2.2.3 Effects of Chloride on Electrocrystallization and Morphology
Small amounts of chloride in copper sulfate solution have significant effects on copper 
electrocrystallization and morphology. Even though there have been numerous studies of 
Cu deposits with small amounts of Cl', the role of chloride ion in electrocrystallization 
process is still not well understood.
Bertocci (1966) examined the polarization behavior of single crystal copper in chloride 
medium, and suggested that the rate-determining step is likely to be the motion of steps 
that is linked to the removal or addition of atoms to the steps. Yoon et al (1994) 
suggested that in addition to CuCl surface films, adsorbed Cu+ or Cu+ complexed with Cl' 
inhibit surface diffusion of adsorbed Cu atoms, and surface diffusion becomes the rate- 
determining step in the deposition mechanism.
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Chloride has a significant effect on crystallographic orientations of copper deposits. At 
low concentration, the (220) plane is predominant (Pradhan and co-worker, 1996) (T. Oki 
and co-worker, 1990), whereas at high concentration the (111) plane is predominant.
Gauvin and Winkler (1952) observed that addition of chloride ion as sodium chloride 
to the acid sulfate electrolyte had no obvious effect on deposition below a minimum 
concentration of 9 mg/L in 0.55M CuSCV1.5 H2SO4 solution at 25°C. Above this 
minimum concentration, the deposits become fine grained. However, an increase in grain 
size with increasing chloride concentration has also been observed. (Yao, 1944).
Nageswar and Setty (1968) observed the morphologies of copper deposition on the Cu 
(100) surface. They found that, for a concentration of Cl* at 10"4 mol/1, there was breaking 
of layers producing a ridge type of growth. At a Cl" concentration of 3.5xl0"3 mol/1, 
pyramids appear. At 10"2 mol/1, triangular pyramids of CuCl were formed and at higher 
concentration, polycrystalline deposits were produced. They concluded that the transition 
among the different growth types is linked to adsorption of chloride ion. In the presence 
of chloride in acid sulfate solution, the pyramidal type of growth on a C u( l l l )  face 
changes to a layer type of growth due to specific adsorption of Cl" ions (Nagewar, 1977).
2.3 Surface Chemistry of Cu in Sulfate and Chloride Medium
Adsorption and charge transfer are crucial steps in the electrocrystallization process. 
The adsorbate can cause surface reconstruction and changes in the kinetics of charge 
transfer. Studies of metal adsorbates and in the monolayer regime on metallic substrate 
have been very active areas of surface science for the past two decades. Apart from
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affecting the discharge of copper ions, chloride and sulfate anion also affect the 
adsorption of copper ions and atoms.
It was shown that chloride forms a stable adsorbed layer on copper (Stickney and co- 
workers, 1988&1989; Srinivasan and Gopalan, 1995). It has also been reported that the 
adsorption of copper on Pt (111) enhances the reversible coadsorption of chloride 
(Gomez and co-worker, 1994).
Stickney and co-workers (1990, 1989) found that Cl' adsorbs on Cu single crystals as a
function of potential with a >/2 x V2 R45° structure on the Cu(100) surface and a 
V3x>/3R30o structure on the C u( l l l )  surface. There is a small loss of Cl coverage at 
more negative potentials.
Markovic and Ross (1993) studied UPD deposition of Cu on Pt and found that the 
strengths of anion-Pt bonding are larger for chloride than for sulfate. Brown and co- 
worker (1995) showed that the adsorption of SO^- ions at the copper electrode is 
potential dependent. Adsorption is enhanced at large cathodic potentials and is not 
observed at positive potentials where the dissolution of copper takes place.
2.4 In-situ AFM and STM studies
Knowledge of surface structure and its sensitivity to system condition is crucial to 
understanding processes that take place at the electrode surface. Although techniques 
such as electron microscopy and optical microscopy have been applied to examine the 
morphology of the substrate and the deposits, electron microscopy can only be used for 
ex-situ examination, and optical microscopy has poor resolution. One of the most
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importent tools recently developed for the study of electrochemical process is in-situ 
AFM, which is one of a set of techniques known collectively as scanning probe 
microscopy (SPM). AFM is a powerful technique for acquiring a detailed structural and 
topographical characterization of electrode/electrolyte interface.
Using SPM, Kolb et al (1992) have reported that for bulk Cu deposition on A u(l l l )  
and Au(100), Cu electrocrystallization started predominantly at surface defects, such as 
step edges or dislocations on the substrate surface. Nucleation was followed by three- 
dimensional growth of copper crystallites, which resulted in the formation a rather rough 
copper deposit, poorly covering the surface. Organic additives have a marked influence 
on the growth behavior, favoring a quasi-two-dimensional spreading across the surface. 
Koinuma and coworker (1995) got the same result by studying Cu deposited on p- 
GaAs(lOO) surface by AFM. Rynders and Alkire (1994) used in-situ AFM to image Cu 
electrodeposition on platinum (111). They found that at low current density, copper 
growth proceeded along the largest steps. At an intermediate current density, the 
deposition proceeded on all steps. At a high current density, deposition occurred on both 
step and terrace sites.
Ikemiya et al (1995) reported that completion of the UPD (Under-Potential Deposition) 
monolayer of Cu electrodeposition on Au (100) is followed by an ideal layer by layer bulk 
Cu deposition at low overpotentials. Gewirth et al (1994) found that the tip of AFM 
locally enhances the electrodeposition of copper on single crystal copper faces. They 
attributed the effect to removal of an oxide or hydroxide adlayer on the Cu surface.
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Chapter 3
EXPERIMENTAL
3.1 Morphology Studies of Copper Deposition on Single Crystal Copper
In this work, an atomic force microscope (AFM) was used to image the surface of 
copper single crystal at nanometer resolution under potential control in a fluid electrolyte. 
In order to examine the effects of overpotential and chloride on the morphology, the 
applied potential and the concentration of chloride in the solutions were varied.
3.1.1 Experimental Setup
The experimental setup is shown in Figures 3.1 and 3.2. The experiments were 
performed with a Digital Instrument NanoScope • atomic force microscope equipped 
with a 12 pm scanning head. A standard AFM fluid cell equipped with a gold-coated 
spring clip and a pyramid Si3N4 45° tip (spring constant are 0.12 N/m and 0.58 N/m for 
wide-leg 200pm and 100pm triangular tip, respectively) mounted on a gold-coated 200  
pm-V-shape cantilever were used.
26
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Figure 3.1 Electrochemical fluid cell for use with NanoScope III AFM.
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Figure 33 Schematic illustration of AFM real time examination of a sample surface in 
electrolyte under electrochemical control using a potentiostat.
Basic W orking Principle of AFM
The working principle of AFM is described in the NanoScope EH user manual (Digital 
Instruments, 1995):
The AFM relies on a piezoelectric tube scanner to produce a precise scan 
in the X-Y plane while feedback is used to control the constant force of a very 
sharp probe on the surface of the sample. The tip used for the AFM probe is 
on the end of a flexible cantilever. Features on the sample cause the cantilever 
to deflect as the sample moves under the tip, while an optical sensing system 
monitors the deflection of the cantilever. The optical sensing system is 
packaged into the optical head of the microscope. The beam from a laser 
diode is focused onto the back of the cantilever and reflects off the back 
cantilever onto a split photodiode. The differential signal from the split 
photodiode provide a sensitive measure of the cantilever deflection. It is the 
feedback signal that is used to control the height of the piezoelectric crystal as 
the sample is scanned. The height of the piezoelectro crystal relates directly to 
the topography of the sample surface.
There are two data display modes: Height and Deflection.
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If Height is selected, the data displayed comes from the voltage output to the Z piezo, 
which tracks the surface and keeps the deflection signal constant. With the cantilever 
deflection held constant, the total force applied on the sample is constant and the Z piezo 
signal describes the surface height as function of position in the X, Y plane. This mode 
also referred to as the “Constant Force “mode.
If Deflection is selected, the cantilever is held at the constant height and the cantilever- 
deflection signal is data displayed and captured. The deflection signal describes the 
surface height. The mode also is referred as “Constant Height' mode.
Electrolysis Cell
The fluid cell, with a volume of 0.32 ml, was sealed with a sulfuric acid-resistant 
ethylene propylene diethylene o-ring (35 durometer). A fluid reservoir, with a capacity of 
50 ml, was connected to the fluid cell through a silicone-rubber tube. A downstream 
reservoir was connected to the fluid cell by a silicone-rubber tube. A Hg/Hg2S04  
reference electrode was place in the outlet tube after the solution was driven into the fluid 
cell. The counter-electrode was a piece of copper foil (99.99%, Good Fellow) fitted into 
the fluid reservoir. The substrate samples were copper single crystal disks (99.999%, 
Good Fellow) 12 mm in diameter and 2 mm thick with a surface orientation of (100), 
(110), or (111). The surface area exposed during electrodeposition was 0.3 cm2.
Power Supply for the electrolysis cell
An EG&G PARC model 362 scanning potentiostat was used as power supply for the 
experiments. The range of potential and current is ImV to 10V and InA to 1 A, 
respectively.
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3.1.2 Procedure
The single crystal copper disk was placed on the top end of the scanner tube and the o- 
ring was placed on top of the disk. The optical head with attached fluid cell was carefully 
placed in the center of disk with the o-ring fitting into a V-groove on the bottom of the 
fluid cell. Head stabilizing springs were installed and the head was leveled with set 
screws. Electrolyte solution was then driven into the AFM fluid cell.
Following cell assembly, the cathode, anode, and reference electrode were connected to 
the potentiostat. The open circuit potential was measured, the desired overpotential was 
applied, and the current was recorded by the potentiostat. The microscope was engaged 
after adjustment of the laser signal (see p28). Images were captured in height and 
deflection modes simultaneously. AFM images of surface morphology were obtained 
periodically during deposition.
3.2 Kinetics Measurements
Galvanostatic methods are frequently used and reliable methods to measure the 
polarization curve, and the theory for their application to irreversible reactions is well 
understood [Bard, 1980]. Galvanostastic methods were used in this study for determining 
the kinetic parameters for cathodic deposition of copper from acid sulfate and chloride 
solution.
3.2.1 Experimental Setup
These experiments were performed with an EG&G model 273 potentiostat and a 
rotating disk electrode in a conventional three electrode cell, as shown in figure 3.3. An
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EG&G polarographic cell (K0066) served as the electrolyte cell with capacity of 50 ml 












Figure 3 3  Electrolysis cell for the polarization measurement
electrodes were single crystal copper bars (Good fellow, 12x50mm) with orientations of 
(100), (110), (111), and (321). The single crystal bar was mounted on the rotator by a
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single holder. A glassy carbon rod ( Alfa, 2x10mm) was used as counter electrode. A 
Hg/Hg2S04 reference electrode was fitting into a glass tube, which functioned as a Luggin 
capillary to reduce Ohmic drop between the working and reference electrodes. The 
contact area between the polished faces of single crystal copper bar and solution was 
confined to a meniscus by adjusting the support Jack (VWR). The purge gas was 
nitrogen, which was first filtered through an oxygen trap (VWR, IOT-2), then saturated 
with water.
The EG&G PARC model 273 potentiostat was controlled by a computer( IBM PS/2, 
Model 55sx), with M378 AC impedance software and PARC Head-Start electrochemistry 
software. A model 5210 lock-in amplifier (EG &G)) with M378 AC impedance software 
was used to perform the impedance measurements.
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Figure 3.4 Potential vs. time transients obtained in 0.01 CuSCVl.O M H2 SO4/O.I mM HCI 
at a constant current of 2 m A.
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The polarization curves were measured by the galvanostatic transient method in which 
a constant cathodic current pulse, 50 ms in duration, was applied to the electrode and the 
total overpotential - time transients was recorded (see Figure 3.4). A quasi-constant value 
of overpotential was reached after double layer charging. The Ohmic resistance, R, was 
measured by measurement of the AC impedance at 105 Hz before and after the 
polarization measurement. The surface overpotential was then calculated by subtracting 
the ohmic overpotential from the total overpotential.
3.3 Experimental Materials and Preparation 
Substrate Preparation
The single crystal copper disk and bar were first mechanically polished with 600 grit 
emery paper, 0.6 pm diamond paste, and 0.05 pm alumina in water. Then, the disk and 
bar were electropolished in phosphoric acid (85%, H3PO4) for 5 minutes at a constant 
voltage of 1.5 V to get a scratch-free surface. Finally, the disk and bar were rinsed in 
concentrated sulfuric acid (97.8%) for 10 seconds, washed in stream of ultrapure water 
and dried.
Cleaning of Electrolysis Cell
All the materials used for the experiment were cleaned carefully because trace amounts 
of impurity affect the morphology and kinetics of growth. The glassware used in the 
experiment was first placed in hot fuming sulfuric acid then rinsed with ultrapure water 
three times, then boiled in ultrapure water. Finally it was rinsed three times in ultrapure 
water prior to use or storage.
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The fluid cell used in morphology studies was submerged in Nochromix (Godax Lab 
Inc.) concentrated sulfuric acid cleaning solution to remove organic contaminants and 
metals, then rinsed in ultrapure water three times and air dried. The copper anode was 
cleaned by etching in dilute nitric acid ( 10%) and then rinsed three times with ultrapure 
water prior to use.
Clean stainless-steal tweezers were used to handle the glassware and electrode while 
assembling electrolysis cells.
Chemical Reagents and Solutions
Cupric sulfate pentahydrate CuSO^SFLO ( Johnson Matthey, Puratronic, 99.999%), 
Cupric sulfate pentahydrate CuS04.5H20  ( VWR, ACS, 99.6%), Hydrochloric acid, HC1 
( J.T. Baker, ultrapure, 34.3%), and sulfuric acid, H2SO4 ( EM Science, Suprapur, 96%) 
were used to prepare the solutions.
All solutions were prepared with ultrapure water that was produced in a NanopureU 
Ultra-filtration System. The resistivity of ultrapure water was 17-18 M£2»cm.
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Chapter 4
MORPHOLOGY OF COPPER 
ELECTRODEPOSITED ON COPPER SINGLE 
CRYSTALS
4.1 Introduction.
The deposits were formed on copper single crystal disks with orientations of 100, 
110, and 111 (in-plane direction <110> is marked at the side of disks). Under suitable 
conditions, electrodeposits on single crystal surface can grow epitaxially, i.e. as oriented 
single crystal overgrowth (Cusminsky and Wilman, 1972). The present experiments 
were designed to produce epitaxial growth.
The morphology of deposits was characterized as a function of overpotential for 
several chloride concentrations. Four different electrolyte solutions were used:
(1) 0.01M CuSCVl.OM H2SO4  ( high purity,made from Johnson Matthey, 99.999%)
(2) 0.01M CuSCVl.OM H2SO4  ( moderate purity, made from VWR brand, 99.6%)
(3) 0.01M CuSCVl.OM H2SO4/ Iff4 M HC1;
(4) 0.01M CuSCVl.OM H2SCV 2.0xl0‘3 M HC1;
The overpotential was varied from 10 to 600 mV. Approximately three runs were 
performed for each combination of surface orientation, solution and overpotential.
35
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4.2 Results
There are mainly two types of structure observed in two broad overpotential regions. 
At low overpotential, up to a value of 500 to 600 mV, the orientation of the growth 
follows the orientation of the substrate. At higher overpotentials (above 500 to 600 mV), 
the deposit structures do not depend on the substrate orientation. This last structure is not 
of interest here, and it sets an upper bound on the applied overpotential.
4.2.1 0.01M CuSCVl.OM H2S 0 4 (high purity)
Cu( 100)
In highly pure acid sulfate solution at the lowest overpotential, -20mV, the 100 
substrate orientation was reproduced. The main surface features are squares with edges 
parallel to the <100> direction. The surface between edges is smooth, and the height of 
the edge steps are about 2 to 5 monolayers, (see Fig. 4.1).
Electrodeposits formed at 100 -  300mV possessed an isotropic morphology. The main 
features were nodules whose edges showed no preferred orientation. The size of the 
nodules increased from 30nm to lOOnm as the potential was increased from 100 mV to 
300mV. At an overpotential of 300mV, the nodules formed fingers at their edges (see 
Fig 4.1). Deposits on the Cu(100) surface previously reported in the literature have 
always shown a square pattern in contrast to the rounded nodules seen here.
At an overpotential of 400 mV, the electrodeposits showed a macrolayer structure 
with a step height greater than 10 monolayers. The edges of the layers were parallel to
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Figure 4.1 Deflection images of Cu deposition on Cu(lOO) in high purity 0.01M 
CU2 SO4/I.OM H2 SO4  solution at various overpotentials.
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the <100> or <110> direction. This macrolayer structure is the same as reported 
previously (Giron, 1961, Pick, 1960).
At the highest overpotential, -600mV, 3-D nucleation occurred, and the morphology 
was independent of the features of the substrate.
Cu(110)
Electrodeposits formed in the overpotential range of 50 to 100 mV presented a mixed 
morphology of isotropic and anisotropic growth (see Figure 4.2).
In the overpotential range of 100 mV to 200mV, an isotropic growth emerged. In the 
overpotential range of 200 to 300 mV a quasi-quadrangular structure was produced, with 
edges of quasi-quadrangular structure of angle 45° with the <100> direction (see Figure 
4.2). These morphology features have not previously been reported.
Above an overpotential of 400 mV, the deposit morphology was controlled by 3-D 
nucleation and had no relation to the 110 substrate. 3-D nucleation started at lower 
overpotential on the 110 surface than on the 100 or 111 surfaces.
Cu(l 11)
Electrodeposits formed on the (111) face were isotropic in the overpotential range of 
50 to 100 mV. At an overpotential of 50 mV, the deposit was dominated by isotropic 
spreading of macro-layers 2 to 12 nm in height (see Figure 4.3).
In the overpotential range of 200 to 400 mV, a quasi-two-dimensional island growth 
dominated the growth pattern. The height of islands was 2 to 20 nm. The islands became 
broader with increasing overpotential (see Figure 4.3).
At the highest overpotential, -600 mV, 3-D nucleation occurred.
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Figure 4.2 Deflection images of Cu deposition on Cu(llO) in high purity 0.01M 
CU2 SO4/I.OM H2S0 4  solution at various overpotentials.
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Figure 43 Deflection images of Cu deposition on C u (lll) in high purity 0.01M 
CU2SO4/I.OM H2SO4 solution at various overpotentials.
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4.2.2 0.01M C1 1SO4 /  1.0 M H2 SO4  (moderate purity, 99.6%)
Morphology of deposits formed in moderate purity solution is displayed at Fig 4.4 to 
4.6. Features of growth tend to anisotropy in comparison with growth formed in high 
purity solution.
Cu( 100)
Electrodeposits formed in the overpotential range 20 to lOOmV were strongly 
anisotropic. The main features were truncated rectangular pyramids with edges parallel 
to the <100> direction (see Figure 4.4).
In the overpotential range of 200 mV to 300 mV, the deposit morphology was layer 
growth with nodular (30-50nm) and straight layer edges at 200 mV and 300 mV, 
respectively. The edge directions were isotropic. The step height was about 2 to 5 
monolayers (see Fig 4.5).
At an overpotential of 500 mV, a smooth cubic layer morphology emerged with edges 
along the <100> and <110> directions. The step height was more than 20 monolayers.
At the highest overpotential of 600mV, typical 3-D growth started.
Cu(l 10)
Electrodeposits formed on the 110 plane in moderate purity solution at overpotentials 
of 10 to 100 mV produced ridges along the 100 direction (see Figure 4.5). The ridges 
merged together at the highest overpotential.
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Figure 4.4 Deflection images of Cu deposition on Cu(100) in moderate purity 0.01M 
CU2SO4/I.OM H2SO4 solution at various overpotentials.
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Figure 4.5 Deflection images of Cu deposition on Cu(110) in moderate purity 0.01M 
CU2SO4 /I.OM H2 SO4  solution at various overpotentials.
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At the overpotential range 200 to 300 mV, truncated tetragonal pyramids emerged. 
The edges on the tops of the pyramids had a 45° angle with the <100> direction. This 
tetragonal pyramid is quite different from the rectangular pyramids parallel to the <100> 
and <110> direction reported by Nageswar (1976) (see figure 4.6).
X 0 .5 0 0  U M / d i u  
Z 120 .000  n n /d iv
Figure 4.6 Tetragonal pyramid formed In moderate purity 0.01M CuSOV 1.0 M H2S 0 4  
solution at an overpotential of -300 mv.
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Figure 4.7 Deflection images of Cu deposition on C u (lll) in moderate purity 0.01M 
CU2 SO4/I.OM H2 SO4  solution at various overpotentials.
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C u(111)
Layer growth was observed in the overpotential range of 50 to 100 mV. The step 
height of the layers was monatomic (see Fig. 4.7).
In the overpotential range of 200 and 300 mV, the main features were quasi-hexagonal 
pyramids with rounded finger edges. Spiral growth was observed with round spirals at 
the center and quasi-polygonized terraces on the outside (figure 4.8). The quasi- 
polygonized terraces indicate that the propagation rate o f the step tends to be anisotropic 
(Budevski, Staikov, and Lorenz, 1996). Figure 4.8 shows the edges of a round finger 
formed by a group of spirals raised from screw dislocations.
Figure 4.8 In situ AFM image showing growth spirals on C u (lll) in moderate purity 
0.01M CuSOy 1.0 M H2S 0 4  solution at an overpotential of -200 mv.
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4.2.3 0.01M C11SO4/ 1.0 M H2SO4/  0.1 mM HC1
For all three faces, the surface became dark observed by an optical monitor in 
overpotential ranges from 10 to 100 mV, this is probably due to CuCl precipitation on 
the surface. The surface became bright at overpotentials above 100 mV.
Cu( 100)
The topography of electrodeposits formed in 0.1 mM Cl' solution was similar to that 
produced in the moderate purity sulfate solution except in the overpotential range of 200 
to 300 mV. In this range truncated quadrangular pyramids instead of isotropic steps were 
observed. The pyramids started with two-dimensional nucleation to monatomic height, 
then spread as quasi-two-dimensional growth, at a step height of 2 to 5 monolayers. The 
edges of the pyramid were parallel to <100> direction and sharper than in moderate 
purity solution. In addition to the pyramids, there were big macrosteps crossing the 
whole surface (see Fig 4.9).
At an overpotential of 400 mV, some terrace edges parallel to <110> direction were 
seen.
Cu(l 10)
On this surface, the deposits were very different from those produced in moderate 
purity solution. The patterns were dominated by ridges. The ridges extended in the 
<100>, at overpotential of 100mV, while they were interrupted by two (111) planes at 
overpotentials of 200mV. The angle of intersection between the (111) plane and the 
<100> ridge is about 26° (see Figure 4.10). With increased overpotential, the (111)
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Figure 4.9 Deflection images of Cu deposition on Cu(100) in 0.01M CU2 SO4/I.OM 
H2 SO4 /O.I111M HCI solution at various overpotentials.
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Figure 4.10 Deflection images of Cu deposition on Cu(llO) in 0.01M Cu^O/LOM 
H2SO4/0.1mM HC1 solution at various overpotentials.
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planes became larger. The longer and wider ridges were aligned along the <110> 
direction, while small <100> ridges extended across the tops of them. This is consistent 
with Negaswar’s(1976) and Giron’s (1961) observation of deposits formed in “chloride 
free” sulfate solution.
At the highest overpotential, 600 mV, the growth aligned along the <110> direction 
and bounded by the (111) plane became dominant. Angles of intersection between the 
(111) planes and the <100> direction were 26° and 45°. On the tops of ridges, small 
rectangular pyramids were formed (see Figure 4.10).
Cu(lU)
Quasi-two-dimensional growth with triangular structure appeared at an overpotential 
of 20 mV. The step height was about 5 to 10 monolayers (see Figure 4.11).
At an overpotential of 100 mV, 2-D growth made up of monatomic steps with straight 
edges emerged. This two-dimensional growth started with 2-D nuclei and spread with a 
step height of one monolayer. There were gaps of depth 5 to 10 monolayers in the 
overpotential range from 100 to 400 mV. The number and depth of gaps decreased with 
increasing overpotential, and they disappeared at overpotentials over 400 mV.
At an overpotential of 200 mV, spiral growth with hexagonal structure appeared, with 
a monolayer step height of about 2.5 A. Macrosteps with large step height grew in the 
form of hexagonal pyramids. The tops of the pyramids had a spiral structure.
At the highest overpotential (600 mV), 3-D nucleation occurred.
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Figure 4.11 Deflection images of Cu deposition on C u (lll) in 0.01M CuSCVl.OM 
HkSCVO.lmM HCI solution at various overpotentials.
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4.2.4 0.01M CuSOV 1.0 M HzSCV 2.0 mM HCI
As with the 2.0 mM Cl' solution, the surface was dark in the overpotential range from 
10 to 150 mV. It became clear at overpotentials above 150 mV.
Cu(100)
In comparison to deposits formed in 0.1 mM Cl* solution, the pyramid edges were not 
as sharp at the low overpotential o f 20 mV. At an overpotential of 300 mV, spiral growth 
with a square shape and steps of a few monatomic heights occasionally appeared (see 
Fig 4.12 and 4.13).
No 3D nucleation was observed at high overpotential (see Figure 4.12).
Cu(U0)
The topography of deposits formed in 2mM Cl' solution was similar to the deposits 
formed in 0.1 mM Cl* solution. The ridges in the 100 direction were bigger than in 
O.lmM Cl' solution. These were bounded by the 210 plane along the<100> direction and 
by the (111) plane at the end. At low overpotential, the (111) plane interacted with the 
<100> direction along sharp edges at an angle of about 26°. With increased 
overpotential, the 111 planes became larger and interrupted the < 100> ridges as in 0.1 
mM Cl* solution. Therefore, the longer and wider ridges aligned along the 100 direction, 
while the small <100> ridges extend across the tops of them.
At the highest overpotential, 500 mV, the growth aligned along the <110> direction 
and bounded by the i l l  plane became dominant. The angles of intersection between the 
111 planes and <100> direction are 26° and 45°. See figure 4.14 
No 3-D growth was observed.
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Figure 4.12 Deflection images of Cu deposition on Cu(100) in 0.01M CU2SO4/I.OM 
H2SO4/2.O mM HC1 solution at various overpotentials.
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4.13 AFM images of spiral structure on Cu(100) in 0.01M CuSCVl.OM H2S0 4 /2.0 mM 
HC1 solution at overpotentials of —200mv: (a) deflection-mode image, (b) height-mode 
image.
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Figure 4.14 Deflection images of Cu deposition on Cu(llO) in 0.01M C112SO4/I.OM 
H2SO4/2.O mM HCI solution at various overpotentials.
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C u(lll)
Electrodeposits formed at 100 mV were isotropic. Monatomic spiral growth 
dominated in the overpotential range from 100 mV to 400 mV. See figure 4.15 and 4.16. 
The spiral shape was stable and originated at screw dislocations. The straight segments 
of hexagonal structure faceted along the 112 directions. With further increase of 
overpotential, multiple spirals with the same sign were formed (see figure 4.17 (a and 
b)). At overpotentials greater than 400 mV, the edges of the spirals became round.
No 3-D growth was observed at high overpotential.
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Figure 4.15 Deflection images of Cu deposition on C u (lll) in 0.01M CU2SO 4/I.OM 
H2SO4/2 .O mM HC1 solution at various overpotentials.
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(b)
Figure 4.16 AFM images of single-spiral structure on C u (lll) at an overpotential 
of 300mV, (a) deflection-mode image, (b) height-mode image.
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Figure 4.17. Deflection images of multiple spiral structures on C u (lll)  formed at 
an overpotential of 400mV, (a) two non-interacting spirals, (b) three non­
interacting spirals.
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4.3 Discussion
43.1 Effects of Chloride on Deposit Morphology
Table 4.1 gives a general summary of the features of deposits with varying chloride 
concentration and overpotential. The results indicate that chloride has a great influence 
on the morphology of copper deposits even in trace amounts. As shown in the next 
chapter, chloride ion affects the kinetic behaviors of copper deposition as well. In this 
section the atomic mechanism of surface processes is considered in relation to chloride 
adsorption and desorption.












0 mixed Isotropic 3D
Trace anisotropic Mixed 3D
0.1 mM anisotropic Anisotropic 3D
2.0 mM mixed Anisotropic macrostep
For the high-purity acid sulfate-solution, the morphology data obtained in these 
experiments is quite different from earlier results (Pick, I960; Isaac, 1961; Nageswar, 
1970; Sarma, 1990) obtained in sulfate solution by other investigators. Previous results 
are similar to those obtained from moderate purity sulfate solution in the present
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experiments. Therefore previous reports in the literature can be explained by the 
presence of a few parts per million of impurity in the test solution. The results of these 
experiments thus emphasize the importance of rigorous purification of the test solution 
in morphology studies.
The isotropic structures obtained in high-purity sulfate solution are probably related to 
SO j2 adsorption on the copper surface. The coverage of adsorption SO J2 on Cu(100) 
with a (2x2) pattern is lA (Ehlers and Stickney, 1990). The copper atom can deposit 
between the SO j2 ions that adsorbed through oxygen in top with S-O-Cu bonds. SO^2 
blocks the horizontal expansion of the layer and results in vertical growth. The growth 
rate on top of the crystallites is significant and this leads to their isotropic structure. The 
mixture of isotropic and anisotropic structures, formed in high purity solution at low 
overpotential, could also related to the weak adsorption of SOJ2 in that overpotential 
range (Brown, 1995). The adsorption of SO J2 is enhanced at large cathode overpotential 
so that only 3D structure are observed (Brown, 1995).
One plausible explanation for anisotropic growth in chloride solution is that chloride 
exhibits a markedly different adsorption behavior on the top in comparison to the edges 
of copper crystallites. Chloride adsorbed on top of the Cu(100) with (V2 x V2 )R45° Cl 
overlayer structure at Vi coverage (Ehlers and Stickney, 1990). The chloride adsorbs 
strongly on top of copper crystallites and consequently inhibits the formation of new 
growth centers. Deposition would then occur predominantly at the edges of the 
crystallite where chloride is weakly adsorbed because of stronger electric repulsive force. 
Deposits would spread outwards, as we have experimentally observed. Moreover, Cl'
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has been observed to increase the metal atom surface mobility both on Ag and Au 
substrates (Sneddon, 1995; Trevor, 1989). The bond between Cl' and copper is strong 
enough to make terraces on Cu(100) align along the close packed direction of the 
chloride overlayer (a more detail discussion is given in 4.3.2). The mixture of isotropic 
and anisotropic structures formed in 2 mM Cl' solution at low overpotential could be 
explained by CuCl precipitation on top o f copper crystallites, blocking the vertical 
growth of copper layers. It has been reported that Cu+ ion accumulates in acid sulfate 
solution with small amounts of chloride at low overpotential (Yoon, 1994) and reduced 
residues of precipitation at high overpotential (Moreau, 1981). At high overpotential, 
some chloride desorbs from copper crystallites and SO J2 adsorption increases, resulting 
in 3D nucleation growth. At 2 mM Cl' solution, even at high overpotential, the 3D 
nucleation growth does not emerge because of chloride adsorption.
4.3.2 Features of Morphology Related to Crystal Structures.
The macro-morphology of deposits is related to the micro-atomic structure, including 
the Cl' and SO J2 adsorption structure.
CuflOO)
The edges of steps formed in chloride solution have a <100> direction, which forms a 
45° angle with the dense packed <110> direction of the substrate. However, these edges 
are consistent with a ( -v/2 x -Jl )R45° Cl overlayer structure whose closed packed 
direction is <100> (Stickney, 1989,1990) ( see Figure 18). Some <110> edges formed at
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relatively high overpotential are probably due to reduced coverage of Cl' and the (2 x 2 )-  
SO j2 structure formed in that overpotential ranges (Stickney, 1990).
to t u t
N f
Chlorine
Figure 4.18. Cu(100) (V2 x "^2)R45°-Cl' adsorbed overlayer structure.
Cu(ll l)
The hexagonal structure formed in the chloride solution is consistent with a 
( V3 x V3 )R30° Cl' overlayer (see Figure 19). The orientation of step edges is in the 
<112> direction, which is turned 30° from the dense packed direction of <110> on the 
C u (lll)  plane.
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Figure 4.19. C u (lll) (V3 x V3)R30°-C1' adsorbed overlayer structure.
4 3 3  Step Formation and Propagation
As shown in 4.2, even trace amounts of C1‘ stabilize the terrace. One interesting 
phenomenon is that macrosteps were formed on the (100) plane, while monolayer steps 
were formed on the (111) face under the same conditions. A plausible explanation is that 
the Cl-Cu bond on (100) is stronger than on the (111) surface (Shi, 1995). The Cl layer 
on the 100 face is stabilized by the Cu and is not simply a layer of CuCl precipitate 
(Stickney, 1990). The strong Cl-Cu bond blocks monolayer step propagation and results 
in macrostep formation on Cu(100). It is noticed that the height of a macrostep on 
Cu(100) is the same magnitude as the height of the gaps formed on C u (lll)  surfaces. 
The height of multi-atomic steps increases with increasing concentration Cl\ The height 
of multi-atomic steps also increased with increasing overpotential.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
65
Macrosteps more than 20 atoms in height co-exist with multi-atomic steps and 
monatomic steps on both Cu(100) and Cu(l 11). Fig 4.20 shows a macrostep across the 
whole image and the multi-atomic step forming on the edges of small quadrangular 
pyramids on the Cu( 100) surface. The step spacing, and hence the slope of the growing 
pyramids or macrostep, changes if the current density or overpotential are changed 
during the growth process.
Figure 4.20 Three dimensional image of a deposit on Cu(100) in 0.01M CuSCV 1.0 
M H2 SO4 /  2.0 mM HC1 solution at an overpotential of -200mv.
To quantify the slope of the growing pyramids and macrosteps, we evaluate the 
autocovariance function (ACF), which represents a quantitative description of the height 
variation at different points on the surface and their correlation to each other. The 
autocovariance function is defined as G(r) = (h jh^  where hi and hj are the heights of the 
surface at two locations labeled by i and j and separated by a distance r. The first zero, rc,
Multiatomic step
Macrostep
X 0 .5 0 0  M M /d iw  2  100.000  n x / d i w







Figure 4.21 Illustration of (a) autocovariance function (ACF) and (b) a section 
through the peak of the ACF.
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of G(r) is a measure of the pyramid "radius”, and G(0)l/2/rc=W/rc is a measure of the 
pyramid slope. Fig. 4.21 (a) shows the autocovariance function of an image, which is 
calculated by taking the inverse Fourier transform of the product of the image’s Fourier 
transform and the transform's complex conjugate. Fig4.21 (b) shows a section though the 
peak value of the ACF along the line indicated in (a).
Fig4.22 shows the slope of multi-atomic steps on the Cu(100) versus with current 
density. The slope decreases with increasing current density. At current densities over 
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Fig4.22. Slope of pyramids vs. current density on Cu(100) in 0.01M  
CUSO4 /IM H 2 SO4 / 2 .O1 1 1M HC1 solution.
Fig4.23 shows the corresponding variation in the magnitude of slope of macrosteps as 
function of current density. In contrast to the slope of small pyramids, the slope of
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macrosteps increases with increasing current density. Fig. 4.22 and 4.23 shows the 
competition between big macrostep and small pyramid growth. At low current densities, 
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Figure 4.23 The average slope of macrosteps versus current density on Cu(100) in 
0.01M CuS(VlM H 2S(V2.0inM  HC1 solution.
As Fig. 4.24 shows, the slope of macrosteps on the C u ( lll)  surface decreases with 
increasing current density in the overpotential range of spiral growth. Without spiral 
growth, the slope of macrosteps is larger.
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Figure 4.24 The average slope of macrosteps versus current density on the C u (lll)  
in 0.01M CUSO4 /IM H 2 SO 4 / 2 .O1T1M HC1 solution.
Fig4.25 represents results obtained by directly measuring the slope of pyramids arising 
from a single screw dislocation on the Cu(l 11). A linear relation between the slope of 
the pyramids and the logarithm of current density is found. The slope of a growth 
pyramid arising from a single screw dislocation is related to the edge energy (Budevski, 
1996)
tana = hmoD-q-^ -lTi| (4.1)
19e 1 "
where hmon is the height of step, qmon is the charge density for deposition of a monolayer, 
and £ is the specific edge energy of a monatomic step. Assuming current density is in the 
Tafel region, the relationship between current density and overpotential is given by







h mnnQ mnn RT ,tana =  In
19e a cF
f • \  i (4.3)
A value of 8 = 4.6 x 10*12 Jem'1 is estimated from the data in Fig. 4.23 [a value of 
8 = 1 x 10*13 Jem*1 for silver (Budevski, 1996)]. This is the first time a specific edge 
energy has been obtained by directly measuring the slope of pyramids for copper 
deposition.
0.025
0 .0 2 0
0.015




Figure 4.25 Slope of pyramids (tana) as a function o f current density obtained from 
a single screw dislocation on the C u (lll)  in 0.01M CUSO4 /IMH 2 SO 4 /2 .O1 1 1M HC1 
solution.
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43 .4  Velocity of Terrace Motion
Figure 4.26 shows ledge growth on Cu(100). There is some distortion of terrace shape 
because the step moves while the scanning tip moves from the bottom to the top of the 
image. As a result, the rectangular structure appears trapezoidal. This distortion can be 
used to estimate the growth velocity of the macrostep. The ea' step velocity v is related 
to the scan velocity vs, the angle 0 between the growth an I ;can airections, and a  the 
tangent of angle between the apperent edge direction and the edge direction by
v=vs ct cos© (4.4)
Figure 426. Ledge growth on Cu(100) at lOOmv in 0.01M CuSCVlMlLSCVO.lmM HC1 
solution.
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For the step in Fig.4.26, Eq(4.4) gives a velocity 4.0 nm/s, which corresponds to a
major contributor to the growth on Cu( 100). The step velocity is independent of the step 
height because the same step slope is obtained for different step heights.
Figure 4.16 is an image of a spiral terrace centered on a screw dislocation. The 
terraces in the lower half of the image, below the dislocation, are narrower than those in 
the upper half, because the growth direction and the scan direction are opposite in the 
lower half of the image, while they are parallel in the upper half of the image. The real 
step velocity v and terrace width d are related to the scan velocity vs, the larger and 
smaller apparent terrace widths d" and d’ and the angle between the growth and scan 
directions by
According to eq(4.5) and eq(4.6), the step velocity is 1.1 nm/s and ledge spacing is 29 
nm for the terraces in Fig 4.16, which corresponds to a current density of about 25
current density of about 272 pA/cm2 for a three monolayer step. That is close to the 
average current density, about 218 pA/cm2 in the cell. Therefore, step propagation is a
(4.5)
and
. 2d”d’d = -------
d"+d'
(4.6)
pA/cm2. That is much smaller than the average current density in the cell, about 450 
pA/cm2 so that the spirals account for a small fraction of the overall deposition rate. The 
big step is apparently a major contributor to the growth on Cu(l 11).
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4 J i  Spiral Growth
For direct current copper electrodeposition, spiral growth has been observed only 
when chloride ion is present in the system. From the results of kinetic studies, surface 
processes become controlling at some overpotential range if chloride ion is present in the 
system. That means that the controlling step changes from charge transfer control in 
chloride-free solution to surface control in chloride solution. The rate-determining step is 
likely to be the motion of steps in the chloride system (Bertocci, 1966). The importance 
of the emergent screw dislocation to crystal growth lies in the fact the screw dislocation, 
by providing a step, greatly increases the rate of crystal growth. The 2D nucleation 
growth has to nucleate "islands" of a new monolayer of atoms on its surface. These 
islands must be extensive enough that they are stable and do not dissolve back into the 
liquid state. However, a crystal that contains screw dislocations can grow continuously 
without having to create new islands. Thus the growth process favors crystals containing 
screw dislocations.
Spiral growth was observed at higher overpotentials in this study than in other reports 
where spiral growth is observed only at low overpotential. Spiral Growth at screw 
dislocations is one of two major mechanisms for copper deposition in chloride solution.
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Chapter 5
KINETICS OF COPPER ELECTRODEPOSITION ON 
COPPER SINGLE CRYSTALS
The kinetics of a simple discharge process can be represented by a polarization curve 
or plot of surface overpotential versus current density at steady state. The stationary curve 
can be obtained by a slow scan of potential or current. It may also be obtained by 
performing a series of measurements at constant current ( ‘galvanostatic’) where the 
potential is allowed to reach steady state ( ‘transient measurement’). Transient techniques 
were chosen in this experiment to avoid the continuous changes of the metal surface 
during deposition. To separate the effects of various crystal planes and to allow 
comparison with the AFM measurements, single crystals with well-defined faces of 100, 
110, 111, and 321 were used.
Eight different electrolyte solutions were used. The compositions sample a range of 
purities and chloride contents as well as copper concentrations. The solution were:
(1) 0.01M CuSCVl.OM H2SO4 ( made from Johnson Matthey, 99.999%)
(2) 0.01M CuSCVl.OM H2SO4 ( made from VWR CuS04.5H20 , 99.6%)
(3) 0.01M CuSCVl.OM H2S<V 1C4 M HC1;
(4) 0.01M CuSCVl.OM H2SO4/ 2.0xl0‘3 M HC1;
(5) 0.01M CuSCVl.OM H2SO4/ 10'2 M HC1.
(6) 0.5M CuSCV0.5M H2S 04 ( made from VWR CuS04«5H20 , 99.6%)
(7) 0.5M CuSCV0.5M H2SCV 2.0 mM KC1;
(8) 0.06M CuC12/1.0M HC1/ 2.0 M KC1.
74
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5.1 Results
5.1.1 0.01M CuSCVl.OM H2 SO4  (high-purity made from Johnson Matthey, 
99.999%)
The polarization curves for Cu (100), Cu (110), and Cu (111) corresponding to 
deaerated and air saturated solution are given in Fig. 5.1 and Fig. 5.2, respectively. A 
summary of kinetic parameters is given in the Table 5.1. All cathodic Tafel slopes of 
overpotential versus log(i) at large i were close to 120 mV. The corresponding transfer 
coefficients a  were 0.5 +/-0.05, indicating that Cu2+ + e —> Cu+ step is the rate 
controlling step. Exchange current densities on the different crystal planes were found 
to increase in the order io<iii) <ioooo)<io(no). consistent with the experimental results of 
Damjanovic (1966). The exchange current densities in air-saturated solution were larger 
than these in the nitrogen purged system due to oxygen involved in the reduction process. 
The open circuit potentials, E0, are also shown in Table 5.1. At equilibrium, E0, is a 
thermodynamic quantity and must be independent of surface orientation for plane 
electrodes. If the system is removed from equilibrium by a corrosion process, Eo. is 
influenced by the kinetics of the process. In the deaerated system, no significant 
differences in open circuit potential between different orientations were measured, 
consistent with experimental results of Bertocci (Jenkin and Bertocci, 1965). However, 
the differences in open circuit potential between different surface orientations in the air 
saturated system were more than 2 mV, indicating the presence of a corrosion process.
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100 -432 0.12 129 0.46
With N-> 110 -432 0.33 132 0.45
111 -432 0.11 138 0.43
100 -430 0.42 127 0.46
With air 110 -430 0.67 121 0.49
111 -432 0.29 118 0.50














Figure 5.1 Cathodic polarization curves of copper single crystals in deaerated high-purity 
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Current density (mA/cm2)
Figure 5.2 Cathodic polarization curves of copper single crystals in air saturated high- 
purity 0.01 M C11SO4/I.O M H2SO4 solution.
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5.1.2 0.01M C11SO4/I.OM H2SO4 solution (moderate-purity made from VWR
CuS 0 4-5H20 , 99.6%)
Cathodic Polarization curves for Cu(100), Cu(llO), C u (lli)  and Cu(321) 
corresponding to deaerated and air saturated solution are given in Fig. 5.3 and Fig. 5.4, 
respectively. Kinetic parameters are listed in Table 5.2. In comparison with kinetic 
parameters in high purity solution, the exchange current density is greater. Transfer 
coefficients are close to 0.5 except the (100) face in the oxygen free solution. For all of 
the faces except the (100) in deaerated solution, the transfer coefficient is close to 0.5. 
The Tafel slope of the (100) face in the deaerated solution was 214 in the range of current 
density from 5 to 60 ma/cm2. However, a 133 mV/decade of Tafel slope (correspond to 
otc = 0.43) was obtained at current densities larger than 60 mA/cm2.
Table 5.2 Kinetic parameters for copper deposition on Iow-index single crystal planes in 
________moderate-purity solution___________________________________________
System Planes Eo 0^ b etc
(hkl) (mV) (mA/cm2) (mV/decade) 2.3 RT 
bF
With Ni 100 -414 2.12 214* 0.28
110 -414 0.94 149 0.40
111 -414 0.24 136 0.43
321 -415 0.67 133 0.44
With air 100 -416 0.64 123 0.48
110 -413 1.27 126 0.47
111 -414 0.24 133 0.44
321 -415 0.58 133 0.44
*In a range of high current densities, b=135 mV/decade, which correspond to otc = 0.43.
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Figure 53  Cathodic polarization curves or copper single crystals in deaerated medium 
purity 0.01 M CuSO/L.O M H2 S 0 4  solution.
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Figure 5.4 Cathodic polarization curves of copper single crystals in air saturated medium- 
purity 0.01 M CuSO/l.O M H2 SO4  solution.
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5.13  0.01M CuSCVl.OM H2SCV0.1 mM HCI
Cathodic Polarization curves for Cu(100), Cu(llO), C u ( lll)  and Cu(321) faces 
corresponding to deaerated and air saturated solution are given in Fig. 5.5 and Fig. 5.6, 
respectively. A summary of kinetic parameters is given in Table 5.3. In comparison with 
in the moderate-purity 0.01 M CuSCVl.O M H2SO4 solution, the Tafel slopes are smaller 
at higher current densities. The polarization behaviors of the (100) face are quite 
different. Three regions were observed on the polarization curves of the (100) face. The 
first is activation-controlled reaction at less than 10 mA/cm2 current density. In the 
second region, 10 to 60 mA/cm2 , surface processes are rate limiting. The transfer 
coefficient, etc < 0.5, indicates that charge transfer was not the rate-controlling step 
(Karasyk and Linford, 1963) and a surface process with a higher energy barrier became 
the rate-limiting step. Above 60 mA/cm2, the polarization curve approaches the Tafel 
shape. It is noted that the behavior of face (111) is quite different at high current densities 
in the systems with oxygen and without oxygen. The second region was observed for the 
( 111) face in the deaerated system.
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Table 53 Kinetic parameters for copper deposition on low-index single crystal planes at 
high current density in O.lmM a  solution._____________________________________
System Planes Eo b CXc
(hkl) (mV) (mV/decade) 2.3 RT 
bF
With Nj 100 -414 87* 0.68
110 -415 101 0.58
111 -418 204** 0.29
321 -417 95 0.62
With air 100 -403 100 *** 0.59
110 -412 100 0.59
111 -420 100 0.59
321 -418 95 0.62
*In a range of middle current densities, b=244 mV/decade, which correspond to etc = 
0.24.
**In a range of middle current densities, b=87 mV/decade, which correspond to tXc = 
0 .68.
***In a range of middle current densities, b=282 mV/decade, which correspond to 
ctc=0.21.
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Figure 5.5 Cathodic polarization curves of copper single crystals in deaerated 0.01 M 
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Figure 5.6 Cathodic polarization curves of copper single crystals in air saturated 0.01 M 
C11SO4/I.O M H2SO4/O.I mM HC1 solution.
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5.1.4 0.01M CUSO4/I.OM H2SO4/2 .O mM HCI
Cathodic Polarization curves for Cu(lOO), Cu(l 10), Cu(l 11) and Cu(321) corresponding 
to deaerated and air saturated solution are given in Fig. 5.7 and Fig. 5.8, respectively. A 
summary of kinetic parameters is given in Table 5.4. Like in the 0.1 mM Cl' solution, 
three regions (see Fig 5.7&5.8) were observed on the polarization curves of the (100) 
face. For all faces, Tafel slopes decreased with increasing chloride concentration from 0.1 
mM to 2 mM. In the deaerated system, the Tafel slopes of faces (111) and (321) are 
larger indicating that a surface limitation step is involved in the process.
Table 5.4 Kinetic parameters for copper deposition on low-index single crystal planes at 
high current density in 2.0mM Cl solution.
System Planes E0 b otc
(hkl) (mV) (mV/decade) 2.3 RT 
bF
With N2 100 -413 78* 0.75
110 -413 63 0.94
111 -420 145 0.40
321 -419 135 0.44
With air 100 -404 99  ** 0.59
110 -412 81 0.72
111 -419 95  *** 0.62
321 -417 71 0.83
*In a range of middle current densities, b=186 mV/decade, which correspond to otc = 
0.32.
**In a range of middle current densities, b=202 mV/decade, which correspond to otc = 
0 .29.
***In a range of middle current densities, b=151 mV/decade, which correspond to 
(Xc=039.
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Figure 5.7 Cathodic polarization curves of copper single crystals in deaerated 0.01 M 
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Figure 5.8 Cathodic polarization curves of copper single crystals in air saturated 0.01 M 
CuSCVl.0 M H2SO4/2 .O mM HC1 solution.
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5.1.5 0.01M C11SO4/I.OM H2S04/10.0 mM HC1
Cathodic Polarization curves for Cu(100), Cu(llO), C u(lll) and Cu(321) 
corresponding to deaerated and air saturated solution are given in Fig. 5.9 and Fig. 5.10, 
respectively. A summary of kinetic parameters is given in Table 5.5. Three regions were 
observed on each face in air saturated solution, whereas only two regions were observed 
in deaerated solution. The Tafel slopes of the oxygen free system are larger in the second 
region, indicating a surface limiting. At the same potential, the order of current densities 
is I321 > Int > I110 > I100 and the Tafel slope is about 40 mV/decade in air saturated 
solution.
Table 5.5 Kinetic parameters for copper deposition on low-index single crystal planes at 
high current density in 10.0mM Cl solution.
System Planes Eo b etc
(hkl) (mV) (mV/decade) 2.3 RT 
bF
With N2 100 -416 241 0.24
110 -417 326 0.18
111 -430 194 0.30
321 -427 229 0.26
With air 100 -404 34 * 1.75
110 -412 40 ** 1.48
111 -426 *** 1.68
321 -424 40 **** 1.48
*In a range of middle current densities, b=169 mV/decade, which correspond to etc = 
0.35.
**In a range of middle current densities, b=82 mV/decade, which correspond to etc = 
0.72.
***In a range of middle current densities, b=l02 mV/decade, which correspond to 
otc=0.58.
****in a range 0f middle current densities, b=92 mV/decade, which correspond to 
Oc=0.64.
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Figure 5.9 Cathodic polarization curves of copper single crystals in deaerated 0.01 M 
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Figure 5.10 Cathodic polarization curves of copper single crystals in air saturated 0.01 M 
C11SO4/I.O M H2 SO4/IO.O mM HC1 solution.
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5.1.6 0.5M C11SO4/O.5 M H2S 0 4 (made from VWR CuS04*5H20 , 99.6%)
The polarization curves for Cu(100), Cu(l 10), Cu(l 11), and Cu(321) corresponding to 
deaerated and air saturated solution are given in Fig. 5.11 and Fig. 5.12, respectively. A 
summary of kinetic parameters is given in Table 5.6. The kinetic behaviors of this system 
are similar to a dilute Cl* system (see 5.1.1 and 5.1.2). All cathodic Tafel slopes were 
close to 120 mV. The corresponding transfer coefficients a  were 0.5, indicating that Cu2+ 
+ e —> Cu+ step is the rate controlling step. Exchange current densities on the different 
crystal planes were found to increase in the order i°iii <i032i<i°ioo<i°iio.
Table 5.6 Kinetic parameters for copper deposition on low-index single crystal planes in 
0.5M CuSOVQ^M H2 SO4  solution.______________________________________________
System Planes Eo io b C£c
(hkl) (mV) (mA/cm2) (mV) 2.3 RT bF
100 -360 12 120 0.5
With N2 110 -360 17 120 0.5
111 -361 2.4 120 0.5
321 -360 4.2 120 0.5
100 -363 6.2 120 0.5
With air 110 -364 11.2 120 0.5
111 -367 2.0 120 0.5
321 -368 4.9 120 0.5
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Figure 5*11 Cathodic polarization curves of copper single crystals in deaerated 0.5 M 
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Figure 5.12 Cathodic polarization curves of copper single crystals in air saturated 0.5 M 
C11SO4/I.O M H2SO4 solution.
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5.1.7 0.5M CuS(V0.5M H2SO4/ 2.0 mM KCI
The polarization curves for Cu(lOO), Cu(l 10), Cu(l 11), and Cu(321) corresponding to 
deaerated and air saturated solution are given in Fig. 5.13 and Fig. 5.14, respectively. A 
summary of kinetic parameters is given in Table 5.7. Three regions were observed on all 
the faces. The Tafel slopes were much smaller than in sulfate solution. As in dilute 
chloride solution, the behaviors of the (100) face are extraordinary.
Table 5.7 Kinetic parameters for copper deposition on low-index single crystal planes in 
0.5M CuSOVO^M H2 SO4  /2.0 mm KCI solution.____________________________________
System Planes Eo b etc
(hkl) (mV) (mV) 2.3 RT 
bF
100 -349 66 0.9
With N2 110 -352 46 1.3
111 -359 66 0.9
321 -358 59 1.0
100 -353 66 0.9
With air 110 -357 48 1.2
111 -364 66 0.9
321 -363 66 0.9
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Figure 5.13 Cathodic polarization curves of copper single crystals in deaerated 0.5 M 
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Figure 5.14 Cathodic polarization curves of copper single crystals in air saturated 0.5 M 
C11SO4/O.5  M H2SO4/2 .O mM KCI solution.
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5.1.8 0.06M CuClz/1.0M HC1/ 2.0 M KCI
The polarization curves for Cu(100), Cu(l 10), Cu(l 11), and Cu(321) corresponding to 
deaerated and air saturated solution are given in Fig. 5.15 and Fig. 5.16, respectively. A 
summary of kinetic parameters is given in Table 5.8. Two regions, Tafel and surface- 
process-limited region, were observed. The Tafel slopes were close to 40 mV/decade in 
Tafel region. There was a potential maximum region at the transition between the Tafel 
region and surface-process-limited region on the polarization curves of the Cu(100) and 
C u (lll) .
Table 5.8 Kinetic parameters for copper deposition on low-index single crystal planes in 
0.06M CuCU/l.OM HC1/ 2 .0  mM KCI solution.___________________________________
System Planes E0 b Oc
2.3RT,(hkl) (mV) (mV)
bF ^
100 -611 39 0.9
With Nj 110 -621 33 1.3
111 -626 42 0.9
321 -624 37 1.0
100 -614 39 0.9
With air 110 -626 39 1.2
111 -634 37 0.9
321 -632 37 0.9
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Figure 5.15 Cathodic polarization curves of copper single crystals in deaerated 0.06M 













Figure 5.16 Cathodic polarization curves of copper single crystals in air saturated 0.06M 
CuCU/l.OM HCI/ 2.0 M KCI solution.
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5.2 Discussion
5.2.1 Effect of Chloride
f
Chloride has a substantial effect on the kinetics of copper deposition on single crystals. 
The impact of chloride depends on the concentration of Cl' and cupric ion as well as 
potential. The copper deposition reaction in chloride solution can be regarded as being 
composed of two elementary steps, each of which involves the transfer of an electron:
Cu2+ +2C1* + e CuCl j (5.1)
CuCi; + e  Cu + 2C1' (5.2)
In the presence of Cl' and depending on Cl* concentration, the following reactions also 
take place during cathodic polarization of copper in acid sulfate solution
Cu+ + Cl' -  CuCl (5.3)
CuCl + Cl' CuCl“ (5.4)
The results of 5.1 suggest that CuCl may precipitate by reaction (5.3) depending on the
Cl’ concentration, oxygen concentration, potential, and substrate properties.
The rate of reaction of the elementary steps (5.1) and (5.2) can be expressed by the 
equation (5.5) and (5.6).
|= k . ,  [CuCl2-]expp - ~ ^ --  - k, [Cu2+][C n2e x p ^ - ^ j  (5.5)
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12 ,2 f ( l - p :  
1 exp[ — S
-P Q F V l-^ = k.2 [Cl ] “ exp | ~ j  " [CuChlexp (-¥ ? ) (5.6)
where P is the symmetry factor.
We assume that reactions (5.1) and (5.2) occur at the same rate, Hence
i -  ii + i2 — 2i2. (5.7)
For high chloride concentration, reaction (5.1) is fast and essentially in equilibrium. 
For large values of kt and M  equation (5.5) yields the potential-dependent equilibrium 
concentration of CuCl->‘ ions:
[CuCl, ] = A  [C n 2[Cu2* ] e x p f - ^  | . (5.8)
Substitution into equation (5.6) gives
-  = —  = M C I']2 exp 





[Cl']2[Cu2+]exp (l + POFV 
RT
(5.9)
From (5.9), the equilibrium potential is
V°= —  In 
2F k - ik - 2
(5.10)
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and the exchange-current density is
i0 = 2Fk_2 — [Cu2+] (2_p2,/2 [Cl ]2 . (5.11)
v k - ik -: /
With the Surface overpotential given by rjs=V-V°' equation (5.9) can be written as the 
Butler-Volmer equation:
. (3UF )  . f  3cF ^




23RTFor the cathode process, the Tafel slope is b=—  ---- =-40 mV/decade ( T=298K).
dcF
Because of the presence of CuCl, which may precipitate by reaction (5.3), the 
-40 mV/decade Tafel slope can be only observed at specific ranges of chloride 
concentrations and potentials.
For the high chloride concentration (0.06M CuCU/l.OM HCI/ 2.0 M KCI) solution, a 
Tafel slope of -40 mV/decade was observed at current densities in the Tafel region (see 
Fig. 5.15 & 16). The second step (5.2) is therefor rate limiting in this solution.
In the second region, above 150 mA/cm2, the current is nearly independent of 
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form a film. The film blocks deposition and causes a surface process to become the rate- 
limiting step, rather than charge transfer. Isaev et al (1978) and Moreau (1981) also 
observed this limiting current and believed that limitations in a bulk diffusion step were 
involved in the reduction reaction. However, the galvanostatic method ruled out the 
possibility of a bulk diffusion step involved in the deposition process. That is because the 
time to reach a constant value of overpotential was much less than the transient time 
needed to build a diffusion layer (Bard, 1980).
A surface-process-controlled region also was observed in the dilute chloride solutions 
of 0.5M CuS(V0.5M H2SCV 2.0 mM KCI and 0.01M CuSCVl.OM H2SCV2.0 mM HCI 
(see Fig 5.7 & 5.8 and Fig 5.13 & 14).
It is believed that the curves beyond the surface-process-controlled region correspond 
to liberation of hydrogen. Chloride decreases the resistance to hydrogen reduction 
(Rizenkampf and beltovska, 1975) (Yoon etai, 1994). However, Yoon also observed that 
this region occurred at more positive potentials as the rotation rate increased. They 
concluded that hydrodynamic effects on the hydrogen evolution rate were not observed 
and that Cl' increased the effective surface area of the deposit.
In order to determine the effects of hydrogen on the polarization curve in this region, a 
cathodic potential sweep was applied to rotating electrodes in 1M HC1/2MKC1 solution at 
various rotation rates (see Fig5.17). At -1262mV, the current density of liberation of 
hydrogen is only 1.5 mA/cm2, indicating that the effects of hydrogen can be neglected in 
our system. Therefore the reduction process observed in the third potential region is Cu 
reduction.











200 5 25TO 15
Current density (mA/cm *)
Figure 5.17 Cathodic polarization curves of a C u(lll) rotating disk electrode in 2.0 M KCI/
1.0 M HCI at rotation speeds of 0 and 400 rpm (scan rate = 10 mV/s).
The copper deposition reaction in chloride free solution can be regarded as being 
composed of two elementary steps, each of which involves the transfer o f an electron:
Cu2+ + e Cu+ (slow) (5.15)
Cu+ + e' Cu (fast) (5.16)
the rate limitation step is Eq(5.15).
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When free chloride ions are available, the copper cathode is dominated by the Cu+ 
species because it is stabilized by formation of complexes with Cl*. At the same time, 
reduction of Cu+ becomes rate limiting. At high current densities, the supply of CuCi2' 
species to the cathodic process is limited by the low concentration of chloride. Reaction 
(5.1) and (5.2) can not meet the requirement at high current densities. Reaction (5.15) 
must supply the Cu+ to the cathode and both reaction (5.2) and (5.16) contribute to the 
copper electrodeposition process.
The rate of reaction of (5.15) and (5.16) can be expressed by
it
IF
k.ik>2 exp (2 — p t)FV "I 2+1 ------1 - kc [Cu *] exp P,FV
RT
(5.17)
Combine with Eq(5.9), the total current of reduction processes at the cathode can be 
expressed as







RT + k.2[C lf  exp
(\-Pz)FV
RT







Equation (5.19) describes the general current-potential behavior expected for 
electrodeposition of copper in the Tafel region in dilute chloride solution. The Tafel slope
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is between the -40 mV/decade to -120 mV/decade depending on the concentration of 
chloride and cupric ions. This is consistent with the results reported in section 5.1 (see 
Fig. 5.18 and 5.19).
As Figures 5.18 and 5.19 show, chloride promotes the cathodic reduction process even 
in the trace amounts. However, when the chloride concentration is further increased to 10 
milimolar, the cathodic reduction process is blocked due to CuCl film formation. Film 
dissolution begins at more positive potentials as the chloride concentration is increased. 
Increasing the chloride concentration promotes reaction (5.4), resulting in dissolution of 
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100.0 1000.0
Figure 5.18 Cathodic polarization curves for Cu(100) in 0.01 M CuSOyi.O M H2S0 4  
solution under nitrogen with variation of chloride concentration.
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Figure 5.19 Cathodic polarization curves for Cu(100) in 0.01 M C11SO4/I.O M H2SO4 
solution under air with variation of chloride concentration.
5.2.2 Effect of Oxygen
Chloride free system.
When oxygen is present in acid-sulfate solution, it consumes the cuprous ion (Jenkins, 
1966)
For the high purity 0.01M CUSO4/I.OM H2S 0 4 solution with oxygen, exchange current 
densities are almost twice as large as in oxygen free solution (see table 5.1). In the
Cw" + - C ,  +H +------>Cu2+ -t-~ H 20 (5.20)
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chloride free system, the reaction Cu2+ —» Cu+ is rate limiting. Reaction (5.20) and 
(5.16) both consume Cu+ ion.
Chloride system
Chloride and oxygen are competitors in the copper cathodic reduction process, in that 
chloride ions stabilize the cuprous ion while oxygen oxidizes the cuprous ions to cupric 
ion. The influence of chloride should be greater than that of oxygen because as discussed 
above chloride changes the deposition mechanism and promotes the reaction. Moreover, 
the chloride ion is more strongly adsorbed on the surface of cathodes than oxygen, which 
gives chloride a greater effect on the reaction process.
For moderate purity 0.01M G 1SO4/I.OM H2SO4 solution with trace chloride ions, the 
exchange current densities in the both oxygen system and oxygen-free system are larger 
than that of the high purity system. In medium purity 0.5M CUSO4/O.5M H2SO4 solution, 
exchange current densities on Cu(100) and Cu(110) are even larger in the oxygen-free 
solution than those in the oxygenated system. A possible explanation is that oxygen 
consumes cuprous ions so that the supply of cuprous ions to the cathodic reduction 
process is limited.
Chloride ions consume the cuprous ions that make the dissolution of CuCl film begin 
at more positive potential in the oxygen system. In the solution of 0.01M CUSO4/I.OM 
H2SO4/IO.O mM HCI, the Tafel region can be observed in the oxygen system , but can 
not be observed in the measurable ranges in the oxygen free system.
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5 2 3  Effect of Crystal Orientation
Table 5.9 lists the order of current densities of single crystals at the same potential in 
0.01M CuSOVl.OM H2SO4 with variation of chloride concentration. The results of table 
5.9 indicates that chloride ions have a great effect on kinetics on single crystal surface.
Table 5.9 Current densities on single crystals at fixed potential in 0.01M CuSO/l.OM 
HzS04 with variation of chloride concentration.
Cl' (mM) The first potential region The second potential region
0 Cu( 110) >Cu( 100)>Cu( 111)
trace Cu( 110)>Cu( 100)>Cii(321 )>Cu( 111) Cu( 110)>Cu(321 )>Cu( 100)>Cu( 111)
0.1 Cu(100)>Cii(32l)>Cu(l !0)>Cu(l 11) Cu(32I)>Cu(l 10)>Cu(l 1 l)>Cu(100)
2.0 Cu( 100)>Cu(321 )>Cu( 110)>Cu( 111) Cu(321)>Cu( 110)>Cu( 111 )>Cu( 100)
10 Cu(321 )>Cii(I0O)>Cu( 111 )>Cu( 110) Cu(321 )>Cu( 110)>Cu( 111 )>Cu( 100)
Among the low index surface, Cu(100) is the most sensitive to Cl" ion, indicating more 
strongly adsorbed chloride ion which results in a faster reaction rate. Even in medium 
purity and oxygen free solution, the Tafel slope is much bigger on Cu(100) than on other 
planes in the ranges of current density from 5 to 50 mA/cm2 (see Fig. 5.3).
5.2.4 Kinetic Anisotropy and Dendritic Growth
It has been shown (Oberholtzer,1996) that in moderate purity of 0.5M CUSO4/O.5M 
H2SO4 solution tip-splitting was the dominant growth pattern in ramified deposition. In 2
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milli-molar chloride solution, however, a dendritic morphology occurred at middle ranges 
of potential. In this study, the kinetic polarization curves show isotropic kinetics in 
chloride free solution (Fig. 5.11&5.12) and regions of isotropic or anisotropic kinetics in 
2 mM chloride solution (Fig. 5.13&5.14) as the overpotential is varied. The progressive 
transitions between tip-splitting and dendritic growth correspond roughly to the order of 
appearance of isotropic and anisotropic kinetics in the polarization curves.
The degree of kinetic anisotropy, 5, can be defined as
where current densities on different faces were selected at the same overpotential.
Figure 5.20 shows the relationship between anisotropy and potential. Chloride ion 
greatly influences the degree of kinetic anisotropy. Figure 5.21 shows a correlation 
between the kinetic anisotropy and the morphological data of Oberholtzer (1996). In
0.5M CUSO4/O.5M H2SO4 solution, when 5 is greater than 3.0 (kinetic anisotropy), the 
dendritic morphology is produced, while the tip-splitting is formed when 8 is less than
3.0 (kinetic isotropy). This result supports the conjecture that anisotropy in the interfacial 
kinetics stabilize dendrite growth, while absence of anisotropy results in tip-splitting.
8 (5.21)
III
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Figure 5.21 Correlation between kinetic anisotropy and growth morphology.
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Chapter 6
CONCLUSIONS
Chloride has a great influence on the morphology and the kinetic behavior of copper 
electrodeposits even in trace amounts. Isotropic structures are obtained only in high 
purity sulfate solution. Anisotropic structures emerged with even trace amounts of 
chloride present. Among the low index faces, Cu(100) is most sensitive to chloride ion. 
Chloride ion stabilizes terraces. Big macrosteps co-exist with macrosteps and monatomic 
steps on both Cu(100) and C u(lll). A quantitative analysis has shown that step 
propagation is a major contributor to growth in chloride solution. Spiral growth was 
observed only when chloride ion is present. Spiral Growth at screw dislocations is one of 
two major mechanisms for copper deposition in chloride solution.
The chloride ion changes the reaction mechanism of copper deposition. When chloride 
is present, the reduction of Cu+ to Cu becomes rate limiting. The effect of chloride ion is 
due to chloride adsorption, desorption, and CuCl precipitation on the substrate. Three 
regions in the polarization curve were observed. In the first region, it is a kinetically 
limited behavior. The appearance of a limiting current in the second region is due to 
precipitation of a film of CuCl, which blocks deposition. Charge transfer is not the rate- 
controlling step in this region. At higher current densities, in the third region, the 
dissolution of the CuCl film follows the Tafel form in dilute chloride solution. The Tafel 
slopes are 40 to 120 mV/decade in the Tafel region depending on chloride and cupric ion 
concentration.
105
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The impact of chloride depends not only on the concentration of chloride and cupric 
ion but also the substrate condition and the presence of oxygen. Chloride and oxygen are 
competitors in the copper cathodic reduction process. Chloride ions stabilize the cuprous 
ion while oxygen oxidizes the cuprous ions to cupric ion.
Chloride ion greatly influences the degree of kinetics anisotropy. This study supports 
the conjecture that anisotropy in the interfacial kinetics stabilize dendrite growth, while 
absence of anisotropy results in tip-splitting.
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Appendix A:
EQUILIBRIUM COMPOSITION OF THE 
CHLORIDE SOLUTIONS
Table A1 shows the equilibrium composition of chloride solution. Calculation of the 
equilibrium composition was carried out by following the procedures established by 
Oberholtzer (1996). The following species were considered: Cu+, Cu2+, Cl', (CuCl)aq, 
(CuCl)s, CuCl T, CuCl2-, Cu2CI 2-, CuCl+, CuCl2, CuClJ, CuCl2-. The calculation
show that a solid precipitate of CuCl is formed under equilibrium condition for solutions 
of 0.01M CuSCVl.OM H2SCV10'2 M HCI and 0.5M CuSOVOJM H2S04/2.0«tO'3 M KCI.






2.0. 10*3 M HQ
0.01M CuS04 
1.0M HzS04 







Cu+ 8.10. 10"° 8.08. Iff0 8.26-1 O'3 5.72.10 s 3.40.10*
Cu'* 9.99.10"3 9.93.10° 8.67.10-1 0.499 1.76.10*
c r 9.71.10 s 1.88* I O'3 5.04.10° 7.28-Iff4 2.80
(CuCl)., 3.95-10" 7.62. lff° 2.09.10° 2.09.10 s 4.78.1 O'0
(CuCl), 0.0 0.0 9.97-Iff3 3.41. lO"* 0.0
cuci; 8.80-1 O '1 3.29* lO* 2.41-Iff' 3.49.10 s 0.0307
CuCl 3" 7.43.10'1- 5.39.10“ 1.04. Iff13 2.21.10“ 0.0749
Cu2Cl1 5.86.10l4 8.21»10'* 4.41.10‘3 9.21.10* 7.14-Iff3
c u c r 2.24*10’6 4.32. Iff* 1.01. 10“ 8.39.1 O'4 1.14.10“
CuClz 1.41* 10'10 5.28.10-* 3.31. Iff14 3.97. Iff' 2.07- lff“
CuCIJ 5.23-10ls 3.78.10“ 0.0 I.IO-IO10 2.21.10-“
CuCl2- 0.0 5.84. IO'13 0.0 6.56-10ls 5.09. Iff*
ET 2.0001 2.002 2.01 1.0 1.0
K+ 0.0 0.0 0.0 2.0.10'3 2.0
s o 2 1.01 1.01 1.01 1.0 0
[CIItou! Iff* 2.0.10'3 I O'3 2.0.Iff3 3.12
[c u in c n 7.87.10',u 1.52.1 ff“ 4.169.10“ 4.169.1041 9-52* Iff*
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Nomenclature
b Tafel slope (mV/decade) or Burgers vector
C Concentration (mol/1)
d Terrace width
Eo Open circuit potential (V)
F Faraday’s constant.
G(r) Autocovariance function
h The height of a surface point
hmon The height of a step
io Exchange current density (mA/cm2)
it Limiting current density (mA/cm2)
k Reaction constants
ki, Mass transfer coefficient
n Number of electrons transferred (Eq_/mol).
Ni Molar flux (molar/m2-s)
Qmon Charge for deposition of monolayer
R Gas constant, 8.31 J/mol-K
rc The first zero of G(r)
T Temperature, K
tana Slope of a growth pyramid
V Step velocity
vs Scan velocity
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V Electrode potential ( V)
Vr Bulk velocity of solution
V Molar volume of metal (cm3/mole).
W Peak value of autocovariance function
X,Y,Z Cartesian coordinates
Zj Charge number of an ion,
Greek letters
eta Anodic transfer coefficients
etc Cathodic transfer coefficients
P Symmetry factor
8 Degree of kinetic anisotropy.
$  Growth velocity of deposits (mm/s).
£ Specific edge energy of monatomic steps (J/cm).
T|s Overpotential, the deviation of the electrode potential from its equilibrium
value( V)
|i  Ion mobility
0 Angle between the growth and scan directions
a  Tangent of image-distortion
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